Introduction {#s1}
============

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease that is strongly associated with obesity and disorders of carbohydrate metabolism \[[@r11], [@r13]\]. NAFLD is considered a comorbidity of the metabolic syndrome \[[@r20]\], and its types range from non-alcoholic fatty liver (simple steatosis) to non-alcoholic steatohepatitis (NASH) with progressive fibrosis without alcohol abuse \[[@r3], [@r33]\]. Among the different types of NAFLD, NASH sometimes progresses to liver diseases with a poor prognosis, including cirrhosis and hepatocellular carcinoma (HCC) \[[@r4]\].

Liver diseases, such as cirrhosis and HCC, generally decrease branched-chain amino acid (BCAA) levels in the blood. In fact, BCAA supplementation is used to improve the malnutrition status of patients with cirrhosis \[[@r9]\]. In contrast, a recent study reported that free amino acid levels in the blood of patients with obesity and NASH change with increasing levels of BCAA \[[@r14]\]. However, the changes in free amino acid levels in the blood during progression from NASH to HCC are unclear. Thus, there is a need to understand the free amino acid profiles in the blood to assess the state of patients with NAFLD.

Despite a dramatic increase in the number of patients with NAFLD/NASH \[[@r32]\], the pathogenesis and appropriate therapies are not completely understood \[[@r24]\]. Indeed, studies on the etiology or treatment of NASH have been hampered by the absence of a suitable experimental model. Animal models that replicate the histopathology of NASH in humans are needed to investigate the mechanisms, biomarkers, and treatment of disease \[[@r18]\]. Current animal models for NAFLD/NASH are generally classified into three categories: genetic models; nutritional models, such as those employing methionine and choline deficiency (MCD); and combination models with both genetic modifications and nutritional challenges \[[@r30]\]. However, these models do not sufficiently reflect the hepatic histopathology and pathophysiology of NASH in humans. They do not progress from fatty liver, liver inflammation, liver fibrosis, and cirrhosis to HCC along with glucose intolerance. Therefore, it is important to choose an appropriate animal model that conforms to the aims of the study \[[@r30]\].

In this study, we focused on a murine model for NASH (the STAM model) \[[@r8]\]. This model is believed to well represent the pathological progression of human NAFLD/NASH in mice and, in particular, the progression from NASH to fibrosis within a short experimental period \[[@r26]\]. NASH in this model is induced by an injection of streptozotocin (STZ), which is used frequently in diabetic models, along with a high-fat diet (HFD). We investigated the serum amino acid profiles over time from steatohepatitis to HCC in the STAM model. In addition, we performed DNA microarray analysis to explore biomarkers associated with NASH in STAM mice. We further assessed histopathological events in the liver and biochemical changes in liver function, sugar metabolism, and lipid metabolism.

Materials and Methods {#s2}
=====================

Experiment 1
------------

Animal model: Fourteen-day pregnant C57BL/6J mice were purchased from Charles River Laboratories Japan (Yokohama, Japan). NASH was induced through a single subcutaneous injection of 200 *µ*g STZ (Sigma-Aldrich, St. Louis, MO, USA) in male mice at 2 days after birth, and the mice were fed High Fat Diet 32 (HFD32; CLEA Japan, Tokyo, Japan) *ad libitum* beginning at 4 weeks of age. This approach has been described previously for the STAM model \[[@r8]\]. The composition of HFD32 is shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Composition of High Fat Diet 32 (%)Milk casein24.5Powdered albumen5.0[l]{.smallcaps}-Cystine0.43Powdered beef tallow (beef tallow content of 80%)15.88Safflower oil (high-oleic type)20.0Cellulose5.5Maltodextrin8.25Lactose6.928Sucrose6.75AIN-93 vitamin mixture1.4AIN-93G mineral mixture5.0Choline hydrogen tartrate0.36*t*-Butylhydroquinone0.002100.000. The normal group consisted of male mice that did not receive an injection of STZ and were given *ad libitum* access to normal chow diet (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) after weaning. All mice were housed in a room at a temperature of 23 ± 2°C on a 12:12 h light-dark cycle and were given *ad libitum* access to tap water throughout the study. Body weight was measured every week from the start of feeding after weaning (4 weeks) to completion of the study (16 weeks).

We chronologically (at 6, 8, 10, 12, and 16 weeks) evaluated the progression of liver disease using biochemical and histological analyses in the STAM group, whereas the normal group was analyzed at 8 weeks. After fasting overnight, the mice were euthanized under anesthesia with an intraperitoneal injection of sodium pentobarbital to collect blood, white adipose tissue of the parorchis and retroperitoneum, and liver tissue. The number of STAM mice per group per time point in the analyses was 4--12. Initially, we planned to dissect STAM mice at 20 weeks (n=5). However, one mouse died unexpectedly of an unknown cause. Therefore, we dissected the rest of the mice at 16 weeks (n=4).

This study was approved by the experimental animal ethics committee of Fukuoka Women's University. All institutional and national guidelines for the care and use of laboratory animals were followed.

Biochemical analysis: The serum concentrations of aspartate aminotransferase (AST), alanine aminotransferase (ALT), total cholesterol (TCHO), triglyceride (TG), fasting blood sugar (FBS), albumin (ALB), total protein (TP), uric acid (UA), and blood urea nitrogen (BUN) were assayed using a FUJI DRI-CHEM 7000 (Fujifilm Corp., Tokyo, Japan).

Serum amino acids: To determine the amino acid levels in the blood, we deproteinized the serum with sulfosalicylic acid, and the supernatant was assayed with an amino acid analyzer (JLC-500/V2, JEOL Ltd., Tokyo, Japan). The Fischer ratio, the molar ratio of BCAA to aromatic amino acids (AAA), and the BCAA/tyrosine molar concentration ratio (BTR) were calculated.

Histological analysis: Small pieces of liver tissue were harvested, fixed immediately in 10% buffered formalin, and embedded in paraffin. Tissue sections were sectioned at a thickness of 6 *µ*m and stained with hematoxylin and eosin (H&E) and azan. These samples were graded on the basis of Kleiner's criteria \[[@r17]\] to identify the degree of liver injury and fibrosis. Marginal fibrosis was evaluated as "+/−".

Experiment 2
------------

Exposure design for microarray analysis: The STAM and normal groups were prepared as in Experiment 1. They were analyzed at 8 weeks (n=3). The tested mice were sacrificed, and their livers were removed. This liver sample collection was performed in a Petri dish filled with ice-cold RNAlater^®^ solution (Sigma-Aldrich, St. Louis, MO, USA), and the samples were immediately frozen and stored at −30°C until the total RNA extraction and purification process was performed.

DNA microarray gene expression analysis: Total RNA samples were extracted from the exposed mice liver samples with an RNeasy Mini Kit (Qiagen, Hilden, Germany). The integrity of the extracted total RNA was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and quality-assured total RNA samples were then used for the DNA microarray analyses. For DNA microarray hybridization, antisense RNA (aRNA) was prepared using an Amino Allyl MessageAmp II aRNA Amplification Kit (Ambion, Austin, TX, USA), and Cy5 fluorescent dye (GE Healthcare, Little Chalfont, UK) was used to label the purified aRNA samples.

The DNA microarray that we used for this study was a mouse oligo DNA microarray, which was manufactured by Ecogenomics, Inc. (Fukuoka, Japan). This microarray contained 4000 oligo DNA probes (35-base-long, triplicated spots). Cy5-labeled aRNA samples were used for hybridization with the oligo DNA probes on the microarray, and hybridization was carried out for 16 h at 45°C in a hybridization solution (6× SSPE, 0.05% Tween-20, 20 mM EDTA, 25% formamide, 100 ng/*µ*l salmon sperm DNA, 0.04% SDS). After the hybridization reaction, washing was performed in the following order and frequency of wash solutions: twice with 6× SSPE and 0.05% Tween-20 at 45°C, twice with 3× SSPE and 0.05% Tween-20 at room temperature, twice with 0.5× SSPE and 0.05% Tween-20 at room temperature, twice with 2× PBS and 0.1% Tween-20 at room temperature, and finally, twice with 2× PBS at room temperature. Each of the post-wash microarrays was scanned with a GenePix 4000B scanner at 5-*µ*m resolution (Axon Instruments, Union City, CA, USA), and expression signal intensities were digitally processed using Microarray Imager (Combimatrix Corp., Mukilteo, WA, USA).

Experiment 3
------------

Serum amyloid A (SAA) protein levels: The STAM and normal groups were prepared as in Experiment 1. They were analyzed at 8 weeks (n=3--9). Serum was stored at −30°C until assayed using a Mouse SAA ELISA kit (KMA0021, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analyses
--------------------

Statistical analyses, excluding that for the microarray data, were performed using JMP Pro 9 (SAS Institute Inc., Cary, NC, USA). Data are expressed as the mean ± SEM. Data except SAA protein levels were analyzed using the Tukey-Kramer test, and SAA protein levels were analyzed using Student's *t*-test. A *P*-value *\<*0.05 was considered statistically significant.

Statistical analysis of the microarray data was carried out as follows: the expression signals obtained from each of the 4,000 genes probes were background signal-subtracted and normalized by the median signal intensity per array. Then, statistical analysis was performed using the ArrayStat *z*-test (Imaging Research Inc., Piscataway, NJ, USA) with offset correction and *P*\<0.05 (significance cutoff) to obtain an average expression ratio of the exposure group (n=3) to the control group (n=3) for each of the genes on the microarray.

Results {#s3}
=======

Body weight change
------------------

The changes in body weight from the start of feeding with HFD32 to 16 weeks of age are shown in [Fig. 1.](#fig_001){ref-type="fig"}Fig. 1.Changes in the relative body weight of mice in the STAM group (at 6, 8, 10, 12, and 16 weeks, n=4--12 per group) and normal mice. Based on the data provided by Charles River Laboratories Japan, Inc., the data on body weight show typical changes expected for healthy male C57BL/6J mice (n=21) fed a normal chow diet (CRF-1). Mice in the STAM group progressively gained weight up to 12 weeks of age, but their body weight remained low compared with mice in the normal group. The body weight of mice in the STAM group began to decrease gradually beginning at 12 weeks. Based on the data provided by Charles River Laboratories Japan, Inc., the data for body weight showed typical changes expected in healthy male C57BL/6J mice (n=21) fed CRF-1.

Organ weight
------------

The liver weight/body weight ratios of mice in the STAM group at 8 and 10 weeks were significantly higher compared with the respective values of mice in the normal group (*P*\<0.05). In addition, the spleen weight/body weight ratios of mice in the STAM group at 12 and 16 weeks were significantly higher compared with the respective values of mice in the normal group (*P*\<0.05). In contrast, there was no significant difference in the adipose tissue body weight ratios between mice in either group ([Table 2](#tbl_002){ref-type="table"}Table 2.Comparison of liver, spleen, and fat weights between normal and STAM group miceNormalSTAM8 weeks6 weeks8 weeks10 weeks12 weeks16 weeksNumber of mice10712774BW (g)23.2 ± 0.6^a^13.5 ± 0.6^b^16.2 ± 0.6^c^17.4 ± 0.6^c,d^18.9 ± 0.4^d^17.6 ± 0.3^c,d^Liver weight (% BW)6.5 ± 0.4^a^7.8 ± 0.4^a,b^9.5 ± 0.4^c^8.8 ± 0.3^b,c^7.6 ± 0.4^a,b^8.2 ± 0.5^a,b,c^Spleen weight (% BW)0.4 ± 0.1^a^0.8 ± 0.1^a,b^0.9 ± 0.1^a,b^1.0 ± 0.2^a,b^1.3 ± 0.3^b^1.4 ± 0.1^b^Fat^1^ weight (% BW)3.1 ± 0.31.7 ± 0.22.2 ± 0.32.6 ± 0.42.3 ± 0.51.7 ± 0.4Values are expressed as the mean ± SEM. a, b, c, d: Different superscript letters indicate significant differences (*P*\<0.05). ^1^Epididymal and retroperitoneal white adipose tissue. BW, body weight.).

Serum biochemical parameters
----------------------------

The activity levels of serum enzymes such as AST and ALT have been used as biochemical markers of hepatic damage. The serum AST and ALT levels were higher in mice in the STAM group than in mice in the normal group during the experimental period. The serum TCHO level was significantly higher in mice in the STAM group than in mice in the normal group (*P*\<0.05). The serum TG level in the STAM group mice did not change until 12 weeks, but at 16 weeks the level was significantly higher in mice in the STAM group than in those in the normal group. FBS was significantly higher in mice in the STAM group than in those in the normal group during the experimental period. The serum ALB (all time points) and TP levels (at 8, 10, and 12 weeks) were significantly lower in the STAM group mice than in the normal group mice. There were no significant differences in the BUN and UA levels between groups, but the BUN levels tended to be higher in mice in the STAM group than in those in the normal group over time ([Table 3](#tbl_003){ref-type="table"}Table 3.Comparison of serum levels of aspartate aminotransferase, alanine aminotransferase, total cholesterol, triglyceride, fasting blood sugar, albumin, total protein, uric acid, and blood urea nitrogen in normal and STAM miceNormalSTAM8 weeks6 weeks8 weeks10 weeks12 weeks16 weeksNumber of mice10711774AST (U/l)61 ± 3^a^136 ± 16^b^132 ± 15^b^100 ± 9^a,b^ 124 ± 11^b^133 ± 10^b^ALT (U/l)24 ± 1^a^45 ± 5^b^55 ± 7^b^46 ± 5^b^42 ± 2^a,b^42 ± 5^a,b^TCHO (mg/dl)77 ± 4^a^130 ± 6^b^129 ± 10^b^125 ± 14^b^124 ± 6^b^147 ± 17^b^TG (mg/dl)117 ± 7^a^72 ± 10^a^104 ± 16^a^122 ± 12^a^115 ± 13^a^249 ± 68^b^FBS (mg/dl)105 ± 3^a^529 ± 83^b^583 ± 20^b,c^647 ± 65^b,c,d^760 ± 29^d^758 ± 57^c,d^ALB (g/dl)2.4 ± 0.0^a^1.9 ± 0.0^b^1.9 ± 0.1^b^1.7 ± 0.1^b^1.7 ± 0.1^b^1.7 ± 0.1^b^TP (g/dl)4.6 ± 0.1^a,b^4.1 ± 0.0^b,c^3.6 ± 0.1^d^3.6 ± 0.2^c,d^4.0 ± 0.1^c,d^4.0 ± 0.1^b,c,d^UA (mg/dl)1.9 ± 0.2‐2.2 ± 0.3‐‐2.2 ± 0.2BUN (mg/dl)34.1 ± 1.9‐43.4 ± 5.2‐‐52.2 ± 4.3Values are expressed as the mean ± SEM. a, b, c, d: Different superscript letters indicate significant differences (*P*\<0.05). A hyphen indicates that measurement was not performed. AST, aspartate aminotransferase; ALT, alanine aminotransferase; TCHO, total cholesterol; TG, triglyceride; FBS, fasting blood sugar; ALB, albumin; TP, total protein; UA, uric acid; BUN, blood urea nitrogen.).

Change in serum-free amino acid levels
--------------------------------------

The serum BCAA level tended to be higher in mice in the STAM group than in those in the normal group, especially at 8 and 10 weeks ([Table 4](#tbl_004){ref-type="table"}Table 4.Comparison of the Fischer ratio and branched-chain amino acid/tyrosine molar concentration ratio in normal and STAM miceNormalSTAM8 weeks8 weeks10 weeks12 weeks16 weeksNumber of mice1012774BCAA235 ± 13296 ± 17292 ± 25275 ± 27262 ± 32Valine (nmol/l)101 ± 6127 ± 8130 ± 12122 ± 13116 ± 14Leucine (nmol/l)84 ± 598 ± 697 ± 995 ± 988 ± 11Isoleucine (nmol/l)50 ± 3^a^70 ± 4^b^66 ± 4^a,b^59 ± 5^a,b^58 ± 7^a,b^AAA69 ± 4^a^77 ± 4^a^83 ± 8^a^78 ± 4^a^120 ± 22^b^Phenylalanine (nmol/l)40 ± 1^a^44 ± 2^a,b^44 ± 3^a,b^44 ± 2^a,b^55 ± 7^b^Tyrosine (nmol/l)30 ± 2^a^33 ± 2^a^39 ± 5^a^33 ± 2^a^65 ± 16^b^Fischer Ratio^1^3.5 ± 0.2^a,b^3.8 ± 0.3^a^3.7 ± 0.4^a,b^3.6 ± 0.3^a,b^2.3 ± 0.3^b^BTR8.3 ± 0.7^a,b^9.3 ± 1.0^a^8.3 ± 1.2^a,b^8.4 ± 0.9^a,b^4.4 ± 0.7^b^Values are expressed as the mean ± SEM. a, b, c, d: Different superscript letters indicate significant differences (*P*\<0.05). ^1^Fischer ratio: the molar ratio of BCAA to AAA. BCAA, branched-chain amino acids; AAA, aromatic amino acids; BTR, BCAA/tyrosine molar concentration ratio.). In particular, the serum isoleucine level was significantly higher in the STAM group mice at 8 weeks than in mice in the normal group. In addition, the serum BCAA levels in the mice in STAM group decreased gradually over time after 12 weeks. The serum AAA level was significant higher in the STAM group mice at 16 weeks than in mice in the normal group. The Fischer ratio and BTR in mice in the STAM group were significantly lower at 16 weeks than those at 8 weeks.

Macroscopic features of the liver and liver histological analysis
-----------------------------------------------------------------

Fat deposits were observed in the livers of mice in the STAM group during the experimental period. In addition, a macroscopic tumor-like lesion (4 × 4 mm in diameter) that was gray-white in color was recognized in one mouse in the STAM group at 16 weeks ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Macroscopic analysis of the livers from normal and STAM group mice. Fat deposits are observed in the livers of mice in the STAM group. A macroscopic tumor-like lesion (4 × 4 mm in diameter) that was gray-white in color was detected in the liver of a mouse in the STAM group at week 16, as indicated by arrowheads.).

A liver section with fat deposition, inflammatory cell infiltrate, fibrosis, and mild ballooning is shown in [Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Microscopic analysis of mice in the STAM group. A representative photomicrograph of a liver from a mouse in the STAM group at week 8 (H&E stain, original magnification ×200)., and its characteristics are shown in [Table 5](#tbl_005){ref-type="table"}Table 5.Histopathological findings in livers of STAM miceAnimal no.STAM 6 weeksSTAM 8 weeksSTAM 10 weeksSTAM 12 weeksSTAM 16 weeks12345671234567891011121^a)b)^2345671^b)^23^b)^456712^b)^34Steatosis−+++++++−−+−+++−−++++++++++−−−++++−++++Lobular inflammation−−++++−−−+−−+−−−+++++++−−−−+−−+−−+++−Hepatocyte ballooning+++++++++++++++++++++++−+++++−++++−++Fibrosis−−−−−+−+/−+/−−−−+/−+/−+/−−+/−+/−−+++++/−++−−−+++++−−+++The degree of liver injury and fibrosis was graded on the basis of Kleiner\'s criteria \[[@r17]\]. Fibrosis was evaluated using H&E or azan staining. ^a)^Extramedullary hematopoiesis. ^b)^Hepatocellular nodule.. Progression of hepatic fibrosis was observed in mice in the STAM group at 10 and 16 weeks ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Microscopic analysis of mice in the STAM group. Representative photomicrographs of the livers from mice in the STAM group at 6, 10, and 16 weeks (azan stain, original magnification ×200)., [Table 5](#tbl_005){ref-type="table"}). The macroscopic tumor-like lesion that was observed on histological analysis in the STAM group at 16 weeks was an atypical hepatocellular nodule mimicking the early stage of human HCC (data not shown). These changes were not observed in the normal group (data not shown).

Gene expression analysis
------------------------

We observed significant (*P*\<0.05) expression changes (expression ratio of exposed to control \>2 or \<0.5) in 46 genes (14 genes were upregulated and 32 genes were downregulated) in the STAM group. Among them, 24 metabolic-related genes, 4 inflammation-related genes, 12 cancer-related genes, 4 cell cycle-related genes, and 24 toxicity-related genes were found ([Table 6](#tbl_006){ref-type="table"}Table 6.Numbers of hepatic genes upregulated (\>2) and downregulated (\<0.5) in the STAM group at 8 weeksGenes (4,001)STAMMetabolic (1,151)Upregulated5Downregulated19Inflammation (763)Upregulated2Downregulated2Cancer (993)Upregulated3Downregulated9Cell cycle (961)Upregulated3Downregulated1Toxicity (1,349)Upregulated8Downregulated16Total (4,001)Upregulated14Downregulated32). In the STAM group, expression levels of serum amyloid A1 (SAA1) and serum amyloid A2 (SAA2), which are inflammation-related genes, were increased 15.06 ± 0.11-fold and 2.59 ± 0.10-fold, respectively.

SAA protein levels
------------------

The SAA level at 8 weeks was significantly higher in the STAM group mice than in the normal group mice ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Serum amyloid A protein levels in the STAM mice (n=9) and normal mice at 8 weeks (n=3). Values are expressed as the mean ± SEM. \**P*\<0.05.).

Discussion {#s4}
==========

In this study, we clarified the changes in free amino acid levels in blood over time during the progression from NASH to HCC in mice (the STAM model, induced by an STZ injection and HFD feeding). This model is similar to the NAFLD/NASH model in humans based on the progression of histopathological events as well as biochemical and pathological characteristics.

Pathophysiological changes in hepatic lesions in STAM mice have been previously reported \[[@r27]\]. However, these changes have been evaluated only between 5 and 10 weeks; no study has reported the changes in the amino acid profiles of blood over time. Thus, we investigated the serum amino acid levels, along with biochemical and histological events, in STAM mice for a comparatively longer period of 16 weeks. However, the biochemical and histological events in the normal group were analyzed at 8 weeks, because at 12 weeks, these data remained almost unchanged compared with those at 8 weeks (data not shown). Additionally, it has been reported that in C57BL/6J mice fed CRF-1, serum data such as blood glucose, TG, TCHO, and ALT are almost the same between 5 and 10 weeks \[[@r27]\].

Presently, the "multiple parallel hits hypothesis" proposed by Tilg *et al.* \[[@r31]\] is well accepted for describing the pathogenesis of NAFLD/NASH. According to this hypothesis, many "hits," such as endoplasmic reticulum stress, release of (adipo) cytokines from the gut and/or the adipose tissue, and dietary factors, occur in parallel rather than consecutively and induce NAFLD/NASH. In this study, we speculated that diabetes, hyperlipidemia, and oxidative stress together play a role in the pathogenesis of NASH in the mouse model. STZ is often injected into mice to generate experimental animal models of diabetes, as it induces high blood sugar levels \[[@r10]\]. The diabetogenic property of STZ is characterized by the selective destruction of pancreatic β-cells, followed by hyperglycemia, which is associated with chronic inflammation \[[@r10]\]. In this study, we injected the mice with a low dose of STZ and subsequently fed them an HFD to induce diabetes and hypercholesterolemia during the experiment ([Table 3](#tbl_003){ref-type="table"}). Plasma insulin levels were not measured in this study. However, the STAM model is reported to show impairment in insulin secretion under hyperglycemic conditions \[[@r26]\]. Therefore, the STAM model mice in our study might have developed type 1 diabetes mellitus, which is characterized by insulin deficiency. The body weight of mice in the STAM group remained low compared with that of mice in the normal group ([Fig. 1](#fig_001){ref-type="fig"}); therefore, we presumed that severe diabetes limits growth. In addition, a continuous HFD stimulates oxidative stress \[[@r21]\]. Long-term exposure to an HFD for 50 weeks was previously reported to induce NAFLD/NASH in mice \[[@r12]\], but it is impractical to use this approach for conducting basic research on NAFLD/NASH. Additionally, among the currently available animal models for NASH, the MCD model has been widely used, although mice in this model show significant weight loss and low FBS levels \[[@r18], [@r30]\]. Recently, the Tsumura Suzuki Obese Diabetes (TSOD) mice were established as an animal model for NASH with type 2 diabetes \[[@r23]\]. However, this model is not suitable for investigating pharmacological effects using *in vivo* screening because of the slow course of disease from fatty liver and NASH to liver fibrosis. Therefore, use of the STAM model seemed the most appropriate to reproduce the disease status within a relatively short experimental period through a combination of STZ and HFD.

Patients with cirrhosis generally lose weight owing to poor nutrition. The mice in our model gradually lost weight after 12 weeks, and the serum ALB and TP levels remained low during the experiment ([Fig. 1](#fig_001){ref-type="fig"}, [Table 3](#tbl_003){ref-type="table"}). The loss of weight was believed to be caused by the poor nutritional status that was associated with severe liver disease. Among the amino acids, BCAAs are used as an alternative energy source in cases of severe liver disease, such as liver cirrhosis \[[@r15]\]. In fact, an amino acid imbalance is often observed in patients with cirrhosis. The Fischer ratio and BTR, which is an indicator of nutritional status calculated as the ratio of BCAA to AAA, gradually decreased with an increase in tyrosine levels in patients with severe liver disease \[[@r15]\]. In addition, BCAA levels were reported to decrease in patients with NASH as the liver fibrosis stage progressed, whereas tyrosine levels increased with increasing fibrotic stage \[[@r16]\]. In the present study, AAA levels also increased as the liver disease progressed and became severe, especially at 16 weeks ([Table 4](#tbl_004){ref-type="table"}). Furthermore, the Fischer ratio and BTR tended to decrease at 16 weeks ([Table 4](#tbl_004){ref-type="table"}), similar to previous findings.

Previously, BCAA levels have been shown to increase in patients with obesity and NASH because of an unknown cause \[[@r14]\]. The way in which free amino acid profiles in blood change over time during progression from NASH to HCC is unclear. In this study, we observed that the serum BCAA levels tended to increase when mice in the STAM group developed NASH. According to a study \[[@r25]\], although plasma BCAA concentrations increased in C57BL/6 mice fed an HFD and a control diet, the change in plasma BCAA concentrations did not differ. In contrast, mice receiving a single intraperitoneal dose of STZ, which induces type 1 diabetes, show significantly increased plasma BCAA levels \[[@r25]\]. Accordingly, we speculated that diabetes is associated with an increase in serum BCAA concentrations. It is widely known that BCAAs (i.e., leucine, isoleucine, and valine) are essential amino acids, substrates for protein synthesis, and sources of energy. Additionally, leucine, isoleucine, and valine regulate many key signaling pathways \[[@r35]\]. For example, leucine contributes to protein synthesis. Recent studies have reported that leucine and isoleucine act as nutrient regulators, which improve glucose tolerance \[[@r5], [@r6], [@r36]\]. Leucine and isoleucine can stimulate insulin-independent glucose uptake in skeletal muscles *in vivo* and *in vitro*, and the effect of isoleucine is greater than that of leucine \[[@r5], [@r6]\]. In our study, BCAA levels tended to increase during the early stages, with a larger increase in isoleucine ([Table 4](#tbl_004){ref-type="table"}). We speculated that the significant increase in serum BCAA isoleucine levels occurred because of improved glucose tolerance. In the STAM group, FBS tended to be lower at 8 weeks, whereas the isoleucine level was highest at this time point ([Tables 3](#tbl_003){ref-type="table"} and[4](#tbl_004){ref-type="table"}). However, based on these data, it is difficult to conclude that increasing isoleucine levels affect improvement of glucose tolerance, because the serum FBS levels were too high in STAM mice. A few studies have reported that the rise in BCAA levels in the blood contributes to insulin resistance \[[@r19], [@r35]\]. It is still unclear whether BCAA causes insulin resistance \[[@r19], [@r35]\], and the relationship among BCAA, obesity, and/or NASH deserves further exploration.

Importantly, the STAM model mimicked histopathological events, from the development of fatty liver to HCC, through a fibrosis-based pathological process. These findings are corroborated by the results of microscopic analysis. NASH is defined by the presence of hepatic steatosis and inflammation with liver cell injury (ballooning degeneration) \[[@r3], [@r33]\]. We reproduced the hepatic characteristics of NASH: steatosis, inflammation, fibrosis, and mild ballooning degeneration with predominant elevation of serum AST and ALT levels, as well as an enlarged liver at 8 weeks ([Fig. 3](#fig_003){ref-type="fig"}, [Tables 2](#tbl_002){ref-type="table"},[3](#tbl_003){ref-type="table"}, and[5](#tbl_005){ref-type="table"}). Additionally, we observed that in mice in the STAM group, hepatic fibrosis gradually progressed from the start of feeding of the HFD to the end of the experiment ([Fig. 4](#fig_004){ref-type="fig"}, [Table 5](#tbl_005){ref-type="table"}). Presently, NASH is considered a critical risk factor for liver cirrhosis and HCC \[[@r1]\]. Long-standing NASH may progress to liver cirrhosis, and HCC may be an outcome \[[@r4]\]. At 16 weeks, mice in the STAM group developed cirrhosis, and we also observed a case of atypical hepatocellular nodules mimicking the early stage of human HCC. In addition, liver fibrosis is an important factor that contributes to portal hypertension. NASH is often reported to cause an increase in portal pressure at early stages owing to central vein occlusion, as NASH as well as alcoholic liver disease progress to hepatic fibrosis from the central vein \[[@r22]\]. Moreover, the spleen is believed to increase in size as the portal pressure increases in patients with liver cirrhosis \[[@r2]\]. Thus, the increase in spleen size observed in the mice in our study probably caused progression to liver fibrosis and portal hypertension ([Table 2](#tbl_002){ref-type="table"}).

We assayed the levels of BUN to confirm the impact of hyperglycemia on the kidneys. There was no significant change at any time point ([Table 3](#tbl_003){ref-type="table"}). However, hyperglycemia may have had a harmful effect on kidney function, because the concentration of BUN gradually increased. Serum TCHO was significantly higher in the STAM group mice than in the normal group mice; however, compared with serum TG in the normal group, that in the STAM group showed no significant changes between 6 and 12 weeks ([Table 3](#tbl_003){ref-type="table"}). Long-term exposure to HFD32 for 70 days was reported to increase plasma TCHO levels without an increase in plasma TG, and it is presumed that excess TG accumulates in the liver \[[@r28]\]. HFD administration in the STAM model may induce a complex form of hyperlipidemia, because the STAM group mice in the present study developed severe hyperglycemia. Liver disease is believed to induce changes in lipoprotein synthesis and other processes, the details of which are currently unclear.

We performed a DNA microarray analysis to explore biomarkers associated with NASH in STAM mice and observed significant expression changes in 46 genes in the STAM group ([Table 6](#tbl_006){ref-type="table"}). Expression levels of SAA1 and SAA2, which are inflammation-related genes, were increased in the STAM group. In addition, we assayed SAA protein levels. The SAA level at 8 weeks was significantly higher in the STAM group mice than in the normal group mice ([Fig. 5](#fig_005){ref-type="fig"}). It is reported that providing an HFD or an HFD with cholesterol (HFC) induces an increase in the expression levels of SAA in the liver \[[@r29], [@r34]\]. However, expression levels of SAA in hyperlipidemic (low-density lipoprotein receptor-deficient) HFC-fed mice, which develop NASH, increase much more than those in wild-type HFC-fed C57BL/6J mice \[[@r34]\]. In this study, expression levels of SAA1 and SAA protein levels markedly increased about 15- and 5-fold, respectively, in the STAM mice. Therefore, we speculated that liver inflammation rather than an HFD has a great impact on the gene expression and protein levels of SAA. SAA is an acute phase protein that is produced predominantly by the liver and increases in response to inflammatory cytokines. Moreover, it exhibits significant immunological activity by inducing the synthesis of several cytokines, by being chemotactic for neutrophils and mast cells, and by activating the inflammasome cascade, which has a key role in immune activation \[[@r7]\]. Thus, SAA is targeted for the treatment of diseases associated with chronic inflammation \[[@r7]\]. The level of C-reactive protein (CRP), which can be measured in humans, increases when there is inflammation in the body. However, we cannot measure CRP in mice. Accordingly, SAA was considered a useful biomarker for evaluating inflammation in STAM mice with NASH.

We demonstrated the first evidence for changes in the blood profiles of free amino acids during progression from NASH to HCC in a mouse model. The STAM model sequentially depicted fatty liver, NASH, fibrosis, and HCC under diabetic conditions similar to those present in human NAFLD/NASH. This model has significant advantages because it effectively induces severe liver damage, progressive fibrosis, glucose intolerance, hyperlipidemia, and amino acid metabolism disorders. The model is more efficient and reproducible than other available models, such as genetic or specific nutrition models, and shows an evident progression of liver disease in a relatively short period. Additionally, SAA was considered useful as an inflammatory marker in this model. We expect that this model will be useful for elucidating the pathogenesis of NAFLD/NASH, as well as in establishing effective treatment and prevention strategies, including nutritional therapies.
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